Kudoid myxozoans (Myxosporea, Multivalvulida) cause economic losses in aquaculture industry by reducing the marketability of host fish through formation of macroscopic cysts and inducing postmortem myoliquefaction. Furthermore, some Kudoa spp. have been related with human illnesses such as allergic symptoms (Martinez de Velasco et al., 2008) and food poisoning (Kawai et al., 2012; Suzuki et al., 2015) . These findings have led to recent increasing interest and concern over Kudoa infection in commercially important fish.
Kudoa yasunagai is a brain-infecting kudoid myxozoan found in a wide range of cultured and wild marine fish (Burger and Adlard, 2010) . Typical clinical signs of infected fish are abnormal behavior and skeletal deformation (Egusa, 1986; Ishimaru et al., 2014) . Although K. yasunagai does not affect human health, its low host specificity and wide geographical distribution makes this parasite a potential cosmopolitan pathogen in fish farms . Kudoa, as for other myxozoans, are considered to have complex lifecycle, though neither invertebrate alternative host nor fish infective stage (actinospores) have not yet been discovered.
Previous studies have reported that ultraviolet (UV) irradiation of influent water is effective to prevent Kudoa sp. and other myxozoan infections (Hedrick et al., 2000; Cobcroft and Battaglene, 2013; Nishioka et al., 2016) . In our previous study, UV irradiation of 68 mJ/cm 2 (mW sec/cm 2 ) to the influent water provided complete prevention of K. yasunagai infection in Seriola lalandi , however the lower dose may also be effective and if so, it can reduce the unnecessary cost for extra UV radiation. In this study, we conducted a laboratory experiment aiming to reveal the minimum UV irradiation dose for preventing K. yasunagai infection.
Materials and Methods

Experimental design
A laboratory experiment was conducted between 22 July and 9 September, 2015 at a commercial hatchery in Wakayama prefecture, Japan in which K. yasunagai infection occurs every year. Two hundred (for UV groups) or three hundred (for control) juvenile S. lalandi (49 days old, 1.37 ± 0.3 g in body weight) that had been reared from eggs in UV treated water (> 100 mJ/cm 2 )
were reared for 7 weeks in 500 L tanks each provided with water irradiated with different UV doses; 0 (untreated control), 5, 15 or 30 mJ/cm 2 . The water was pumped up from 300 m offshore of the hatchery (approximately 3 m deep) and filtered through a drum filtration system. An UV irradiator (Manufacturer's specification; 253.7 nm; PW10, Ebara Jistugyo Co., Ltd.) was placed right before the water flows into the experimental tanks. All UV irradiators were fundamentally the same with brand-new lamps. The only difference between each UV irradiator was that a part of UV lamp was covered with an aluminum or fluororesin tube to provide desired UV doses. The UV irradiator for untreated control (0 mJ/cm 2 ) was switched off throughout the experiment.
Water flow was maintained at 500 L/h for all tanks during the course of the experiment and the mean water temperature was 26.9 ± 1.2°C (25.1-29.6°C). Aeration and oxygen were provided to the tanks. The fish were fed daily with commercial pellets at 4% body weight. weekly for K. yasunagai infection for 4 weeks (12 August -9 September, 2015). The sampled fish were measured and the brains were excised. Dissecting equipments were sterilized between each sample by dipping in chlorine solution and rinsed in 70% ethanol and water to reduce the risk of contamination. Collected brain tissues were homogenized in a 1.5 mL tube and examined for K. yasunagai infection by both microscopy and quantitative polymerase chain reaction (qPCR) analysis. Fish were considered positive for K. yasunagai infection when the parasite was detected by either method.
Sampling and parasite detection
For microscopic examination, a portion of brain homogenate was thinly spread onto a glass slide and stained with Diff-Quik (Sysmex Corporation) to detect myxospores. The fish were considered infected when one or more myxospores were detected on the entire prepared slide. To assess the infection intensity, numbers of myxospores were counted in 5 randomly selected microscopic fields (× 400) for each sample and the average value was used for analysis. When myxospores were not detected in the 5 microscopic fields, but presented in a slide, the fish was considered infected but the number of myxospore was noted as 0.
For qPCR analysis, DNA was extracted from 50 μL of the brain homogenate, measured by a micropipette, using a QIAmp DNA Mini Kit (Qiagen) following manufacturer's protocol. The qPCR was conducted as previously described with slight modifications . The primer sequences were as follows: F381, 5′-AGT GAG TGA GTC TGC TCA AGA GCA-3′ and R556, 5′-ACC GAC AAT ACA TCA CCA ACG CTC CTC-3′. The TaqMan probe Kyas-rPCR-FL was 5′ endlabeled with FAM and 3′ end-labeled with TAMRA, and its sequence was as follows: 5′-CAA TGG TCG GCC ATG GCT TTC ACA GCA AAT-3′. Each 25 μL reaction contained 0.2 μM of primers F381 and R556, 0.2 μM of Kyas-rPCR-FL probe, 1 × premix Ex Taq (Takarabio), and 5 μL of sample DNA. The amplification profile was as follows: initial denaturation at 95°C for 2 min, followed by 50 cycles of repeated denaturation at 95°C for 5 s, annealing and extension at 60°C for 50 s. All qPCR assays were performed using Rotor-Gene 6000 system (Qiagen). DNA extracted from 1 × 10 1 to 1 × 10 3 myxospores of K. yasunagai were applied to qPCR as standard samples and the obtained Cycle quantification (Cq) values were adjusted according to the standard curve obtained from 1 × 10 1 to 1 × 10 6 in our previous study (Shin and Shirakashi, In press ). Samples were considered positive for K. yasunagai when Cq values were below 43.5, which was considered a reliable threshold estimated by the previous study . The number of myxospores was calculated by adjusted Cq value.
Statistical analyses
All statistical analyses were performed on SPSS 15.0 (SPSS). Difference in prevalence between each sampling time point was tested using a Pearson chisquare test.
Results and Discussions
K. yasunagai was already detected at 3 weeks in control and 5 mJ/cm 2 UV treated groups by both qPCR and microscopy. For the control group, the detection rate by qPCR was 20% at 3 weeks and then increased to 45% by 6 weeks ( Table 1 ). The detection rates by microscopy (presence of myxospores) were generally slightly lower than qPCR but showed similar pattern over time. This indicates that the K. yasunagai is capable of developing into myxospores as fast as within 3 weeks. Our past study suggested that formation of K. yasunagai cyst takes at least 4 weeks in the brain of yellowtail S. quinqueradiata at similar water temperature . Apparently, the myxospore formation can be faster under certain conditions. In contrast to the control group, the detection rates in 5 mJ/cm 2 group was significantly lower, never exceeded 10% throughout the experiment (Table 1) . Similarly, the parasite intensity appeared to be lower in 5 mJ/cm 2 group than control group (Fig. 1) . The . Other studies have also reported that a lower UV dose of 44 mJ/cm 2 prevented K. neurophila infections in Latris lineata (Cobcroft and Battaglene, 2013) and even 11 mJ/cm 2 appeared to be effective to prevent K. septempunctata in Paralichthys olivaceus (Nishioka et al., 2016) . These suggest that actinospores of Kudoa spp. are generally vulnerable to UV irradiation relative to other parasite species (Yoshimizu and Kasai, 2002) . The number of myxospores detected by microscopy in control fish increased over time, likely relating to the parasite multiplication and sporogonic development in the brain (Fig. 1A) . However, no such clear increase in parasite number was calculated by qPCR. In 5 mJ/cm 2 UV group, the number of parasite was relatively consistent, around 10 5 during 4-6 weeks whereas those for control group varied between 10 2 to 10 7 (Fig. 1B) . The mean number of estimated myxospores of control group at 4 weeks was lower than those in other sampling points, but this is probably due to small sample size (n = 3). The differences in two detection methods are probably due to detection of pre-sporogonic parasite DNA by qPCR (Yokoyama et al., 2012) . In summary, the minimum effective UV irradiation dose required for complete prevention of K. yasunagai infection lies somewhere between 5 and 15 mJ/cm 2 . It has to be noted however that the influent water used in the present study was pre-filtered by a drum filtration system and the effective UV dose for raw seawater may be higher. Nevertheless, UV irradiation at the doses normally used against bacteria and some viruses (Yoshimizu and Kasai, 2002) should be sufficient to control K. yasunagai and possibly other Kudoa species in land-based influent facilities. The study also showed that the drum filtration could not prevent the infection. 
